This study evaluates the performance of ocean color products derived from measurements of the Moderate Resolution Imaging Spectroradiometer (MODIS) on the satellite Aqua using the standard near-infrared (NIR) and the shortwave infrared (SWIR)-based atmospheric correction algorithms in the Chesapeake Bay. The MODIS-Aquaderived normalized water-leaving radiances, nL w (λ), and chlorophyll-a (Chl-a) data are compared with in situ radiometric measurements from the NASA SeaWiFS Bio-optical Archive and Storage System (SeaBASS) database and Chl-a data from the Chesapeake Bay Water Quality Database. Results show that, using the NIR-SWIR combined ocean color data processing, improved nL w (λ) and Chl-a data products can be produced in the Chesapeake Bay. However, Chl-a data are still overestimated in some Chesapeake Bay regions, in particular, in the upper bay region where waters are strongly influenced by the total suspended sediment (TSS) concentration. Specifically, using the NIR-SWIR approach, mean ratios of MODIS-derived and in situ-measured nL w (λ) at wavelengths of 412, 443, 488, 531, 551, and 667 nm for the Chesapeake Bay are 1.288, 1.093, 0.998, 0.946, 0.908, and 0.865, respectively, while mean Chl-a values over the region from satellite-derived and in situ-measure data are 11.14 and 10.28 mg·m − 3 , respectively. Based on a strong correlation relationship between TSS and water diffuse attenuation coefficient, a regional TSS algorithm for the Chesapeake Bay has been developed and validated, with mean ratio of 1.064 between MODIS-derived and in situ-measured TSS data. Therefore, using the NIR-SWIR algorithm for MODISAqua ocean color data processing, nL w (λ), Chl-a, and TSS data from 2002 to 2010 for the Chesapeake Bay have been generated and used for characterizing the water properties in the region, showing strong seasonal and interannual variability, as well as important spatial variations in the region.
Introduction
The Chesapeake Bay has highly productive waters along the U.S. East Coast region with about 2.3 × 10 3 m 3 ·s − 1 of river freshwaters on average flow into the Chesapeake Bay, including dissolved and particulate materials (Schubel & Pritchard, 1986) . Bio-optical properties of the Chesapeake Bay waters are strongly influenced by complex constituents of high phytoplankton concentration, dissolved organic matter (DOM), and total suspended sediment (TSS) (Gallegos et al., 1990; Gitelson et al., 2007; Harding et al., 2005; Tzortziou et al., 2007) . Thus, satellite-derived chlorophyll-a (Chl-a) concentrations using bio-optical models for open ocean (Case-1) waters (O'Reilly et al., 1998) are often overestimated in the turbid coastal waters (Magnuson et al., 2004; Werdell et al., 2009 ). There have been considerable efforts in developing bio-optical models for Chl-a products from satellite ocean color sensors such as the Sea-Viewing Wide Field-of-view Sensor (SeaWiFS) and the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Aqua in the Chesapeake Bay waters (Gitelson et al., 2007; Magnuson et al., 2004; Tzortziou et al., 2007; Werdell et al., 2009 ). Other water optical properties, such as apparent and inherent optical properties, in the region have also been studied to develop bio-optical models for the ocean color products in the Chesapeake Bay (Gallegos & Neale, 2002; Tzortziou et al., 2006 Tzortziou et al., , 2007 Zawada et al., 2007) . However, an appropriate biooptical algorithm for the Chesapeake Bay region is still an outstanding issue for satellite ocean color remote sensing. In addition to uncertainties in bio-optical algorithms for the region, there are also issues with effective atmospheric correction algorithms for deriving accurate satellite ocean color products in turbid coastal waters, particularly for the black pixel assumption in the near-infrared (NIR) bands that are used for atmospheric correction (Shi & Wang, 2009c; Wang, 2007; Wang & Shi, 2005) . For open oceans, two MODIS-measured NIR radiances at bands of 748 and 869 nm are used for atmospheric correction (Gordon, 1997; Gordon & Wang, 1994; IOCCG, 2010) , which is in the NASA standard routine data processing for deriving ocean color products. However, the NIR black ocean assumption is invalid for productive and turbid coastal waters, and significant efforts have been made to estimate the NIR ocean contributions in order to improve atmospheric correction Ruddick et al., 2000; Siegel et al., 2000; Stumpf et al., 2003; Wang & Shi, 2005) . A new approach for atmospheric correction using the shortwave infrared (SWIR) bands at 1240 and 2130 nm has been developed to derive satellite ocean color products in turbid coastal waters (Wang, 2007) . However, due to significant noise issue in the MODIS SWIR bands (Wang & Shi, 2012; Wang et al., 2009b; Werdell et al., 2010) , a NIR-SWIR combined atmospheric correction approach for the MODIS-Aqua ocean color data processing has been proposed , i.e., applying the NIR atmospheric correction algorithm for the non-turbid ocean while using the SWIR algorithm for turbid waters. In fact, for extremely turbid waters, even the SWIR 1240 nm is not always black (Shi & Wang, 2009c) , and the water-leaving radiance contribution at the SWIR 1240 nm needs to be accurately accounted for in the satellite data processing . It has been shown that improved satellite ocean (water) color products over turbid coastal and inland waters can be produced using the SWIR-based atmospheric correction algorithm (Wang et al., , 2009b , and these data have been used for various studies and applications in coastal ocean regions (Nezlin et al., 2008; , 2009a , 2009b , 2010 Shi et al., 2011; Son et al., 2011) .
In this study, we evaluate and analyze the performance of the MODIS-Aqua-derived ocean color products, including normalized water-leaving radiances (nL w (λ)) and Chl-a data, from the standard NIR and the NIR-SWIR combined atmospheric correction methods in the Chesapeake Bay. The satellite-derived product uncertainties in the Chesapeake Bay are investigated using in situ measurements. Furthermore, a regional total suspended sediment (TSS) algorithm for the Chesapeake Bay has been developed and applied to MODISAqua data. Thus, using the NIR-SWIR-based satellite ocean color data processing, MODIS-Aqua-measured nL w (λ), Chl-a, and TSS data from 2002 to 2010 are generated and used to characterize water properties in the Chesapeake Bay.
Data and methods
In this section, both in situ and satellite data used for study of the Chesapeake Bay are described and discussed. In particular, following Magnuson et al. (2004) , three different regions in the Chesapeake Bay are defined ( Fig. 1 ): Lower Bay (region south of 37.6°N), Middle Bay (region in 37.6-38.6°N), and Upper Bay (region north of 38.6°N).
In situ data
In situ Chl-a data from 2002 to 2008 were obtained from a long-term Water Quality Database for the Chesapeake Bay, which has been maintained by the Chesapeake Bay Program (www.chesapeakebay.net/ wquality.htm) (Fig. 1) , to evaluate MODIS-Aqua-derived Chl-a data using NIR and NIR-SWIR atmospheric correction methods and a standard bio-optical algorithm (O'Reilly et al., 1998 (O'Reilly et al., , 2000 . Since there are up to three coincident in situ measurements at each station, average values were calculated from multiple measurements.
In situ radiometric data from 2002 to 2010 were also obtained from the NASA SeaWiFS Bio-optical Archive and Storage System (Sea-BASS) database (Werdell & Bailey, 2005) for the Chesapeake Bay and adjacent waters (http://seabass.gsfc.nasa.gov/) to evaluate MODISAqua ocean color products in the region (Fig. 1) . Normalized waterleaving radiance spectra (nL w (λ)) (Gordon, 2005; Gordon & Wang, 1994; Morel & Gentili, 1996; Wang, 2006) are derived from MODISAqua measurements over the region. Since the wavelengths at which the radiance data were measured from the SeaBASS are not exactly matched with those from the satellite measurements, we simply used the nearest wavelength values of in situ nL w (λ) at wavelengths of 411, 443, 489, 510, 530, 550, and 670 nm. In addition, in situ TSS data and the water diffuse attenuation coefficient for the downwelling photosynthetically available radiation (PAR) (K d (PAR)) measurements from 1984 to 2010 in the Chesapeake Bay were obtained from the Chesapeake Bay Program for developing a regional TSS algorithm for satellite data applications. The in situ TSS data in the Chesapeake Bay have also been used for the regional satellite TSS algorithm validation, as well as TSS product evaluations.
Satellite ocean color data
The NASA Ocean Biology Process Group (OBPG) has recently reprocessed all satellite ocean color products (R2009), including MODISAqua data, with some important changes and updates in sensor-specific calibration, ancillary data sources, product format, and some algorithms, e.g., (Ahmad et al., 2010; Bailey et al., 2010) . Both the previous version (Ver5.2) and the current processed (R2009) daily MODIS-Aqua Level-2 ocean color products, derived using the standard-NIR atmospheric correction algorithm with the NIR radiance corrections Stumpf et al., 2003) , were obtained from the NASA ocean color website (http://oceancolor.gsfc.nasa.gov) for the period of July 2002 to December 2008. In addition, MODIS Level-2 ocean color products were generated using the NIR-SWIR combined atmospheric correction algorithm (Wang, 2007; Wang et al., 2009b) with MODISAqua Level-1B data from the NASA MODIS Adaptive Processing System (MODAPS) Services website for the period of July 2002 to December 2010. Those Level-2 data were remapped to a standard projection at 1-km spatial resolution and then processed to generate various product composite images.
Pixels from a 5× 5 box centered at a location of in situ measurements were extracted from MODIS Level-2 data processed with the NIR (both in Ver5.2 and R2009 versions) and the NIR-SWIR atmospheric correction algorithms and compared to in situ measurements. For the data matchup analyses (satellite vs. in situ), we have followed the procedure of Wang et al. (2009b) . In addition, time series of monthly composite images from MODIS-Aqua NIR-and NIR-SWIR-derived ocean color data from July 2002 to December 2010 were produced for the three Chesapeake Bay regions defined in Fig. 1 . Regional averages of ocean color parameters are calculated for the seasonal and interannual time series.
Product evaluations and development
3.1. Comparison of satellite-derived and in situ-measured nL w (λ) Fig. 2 provides comparisons of MODIS-Aqua-derived nL w (λ) products at wavelengths of 412, 443, 488, 531, 551 , and 667 nm using the NIR-SWIR combined atmospheric correction algorithm Wang et al., 2009b) with in situ-measured nL w (λ) data from the SeaBASS database in the Chesapeake Bay and adjacent areas. In general, the MODIS-Aqua NIR-SWIR-derived nL w (λ) data are well correlated to those from in situ measurements for most wavelengths. Specifically, while the MODIS-derived nL w (λ) data at 488, 531, and 551 nm are well correlated to the in situ nL w (λ) measurements, the matchup comparison between MODIS-Aqua and the in situ nL w (λ) measurements at wavelengths of 412 and 667 nm is a little noisy.
However, the MODIS NIR-SWIR-derived nL w (λ) data are improved compared with the MODIS NIR-derived nL w (λ) data. Results from statistical analyses are shown in Table 1 . The MODIS NIR R2009 nL w (λ) data are generally underestimated for most wavelengths, compared with in situ nL w (λ) measurements. Mean values of the MODIS-Aqua NIR R2009 nL w (λ) at wavelengths of 412, 443, 488, 531, 547 (551) , respectively. However, some slight overestimations for NIR-SWIR-derived nL w (λ) at 412 and 443 nm are observed. Results with a mean ratio of MODIS to in situ nL w (λ) measurements show improvements in the MODIS NIR-SWIR-derived nL w (λ) data (mean ratios of 0.87-1.29, depending on the wavelength), compared with the MODIS NIR-derived nL w (λ) data (mean ratios of 0.57-0.75). However, as expected, the standard deviation (STD) values are higher in MODIS-Aqua NIR-SWIR measurements due to sensor noise in the MODIS-Aqua SWIR bands (Wang, 2007; Wang & Shi, 2012; Werdell et al., 2010) .
Comparison of satellite-derived and in situ-measured Chl-a data
In situ Chl-a measurements collected from the Chesapeake Bay Program Office from July 2002 to December 2008 are used for comparison with MODIS-Aqua-derived Chl-a data using the NIR-SWIR method for three different regions in the Chesapeake Bay (Fig. 3) . The MODIS NIR-SWIR-derived Chl-a data are overestimated in Upper and Middle Bays (Fig. 3a and c) , although the MODIS-Aquaderived Chl-a data in Middle Bay are relatively better than those in Upper Bay. In Lower Bay, the MODIS-Aqua-derived Chl-a data are well correlated to those from the in situ measurements (Fig. 3e) . Statistics values in match-up comparisons between the MODIS-derived Chl-a using the NIR (Ver5.2 and R2009) and the NIR-SWIR methods and in situ Chl-a measurements are provided in Table 2 . The mean ratio results in Upper Bay show that the MODIS-Aqua-derived Chl-a data are significantly overestimated compared with in situ Chl-a data. However, mean ratio values (MODIS to in situ) are better for the MODIS Chl-a using the NIR-R2009 (2.37) and NIR-SWIR (2.17) methods than those with the NIR-Ver5.2 Chl-a (3.37). In Middle Bay, all MODIS-derived Chl-a data are also overestimated, but mean ratios (MODIS to in situ) are reduced compared with those in Upper Bay. Similar to results in Upper Bay, mean ratios are relatively better for the MODIS NIR-R2009 (1.75) and NIR-SWIR (1.49) in Chl-a data than those from the MODIS NIR-Ver5.2 Chl-a (2.46). In Lower Bay, MODIS-Aqua-derived Chl-a data using NIR-Ver5.2 and NIR-R2009 methods are overestimated with mean ratio values of 1.73 and 1.58, respectively, while Chl-a data from the NIR-SWIR are significantly improved with a mean ratio of 0.97.
Histogram results of MODIS Chl-a data derived using the NIR-SWIR method are compared with those of in situ data for the three subregions in the Chesapeake Bay (Fig. 3b, d , and f). MODIS NIR-SWIRderived Chl-a data are biased high in Upper Bay (Fig. 3b) . Mean values of the in situ-and MODIS NIR-SWIR-derived Chl-a data are 12.32 and 16.03 mg·m − 3 , respectively. However, the MODIS NIR-SWIR Chl-a concentrations are relatively lower than those of the MODIS Chl-a using the NIR-Ver5.2 (25.90 mg·m ). Note that results with the MODIS Chl-a data using the NIR atmospheric correction algorithm are not shown in Fig. 3 , but results in statistics are provided in Table 2 . In Middle Bay, the distribution shape of MODIS NIR-SWIRderived Chl-a data with a mean of 12.64 mg·m − 3 is similar to that of in situ measurements, which have a mean of 10.99 mg·m − 3 (Fig. 3d) ) is slightly lower than that of the in situ Chl-a (8.73 mg·m − 3 ) (Fig. 3f) . In comparison, the MODIS NIR-Ver5.2 and NIR-R2009-derived Chl-a data are biased high with mean values of 13.62 and 12.22 mg·m − 3 , respectively.
Total suspended sediment (TSS) model for the Chesapeake Bay
In situ TSS and K d (PAR) (water diffuse attenuation coefficient for the downwelling photosynthetically available radiation) measurements with more than~15,700 data were obtained in the main stem of the Chesapeake Bay from 1984 to 2010. The K d (PAR) data were converted to the diffuse attenuation coefficient at the wavelength of 490 nm, K d (490), using a relationship for the Chesapeake Bay, which was derived in Wang et al. (2009a) . In situ TSS data were then compared to in situ K d (490) data to derive a regional TSS algorithm for satellite applications (Fig. 4a) . The comparison results show that TSS data are strongly correlated to the K d (490) in the Chesapeake Bay with a correlation coefficient of 0.877, i.e., TSS can be linearly related to K d (490) in the Chesapeake Bay as
. The linear relationship (Eq. 1) is applied to the MODIS-Aqua K d (490) data derived using a recently-developed semianalytical K d (490) model for turbid coastal waters (Wang et al., 2009a) .
MODIS-Aqua-derived TSS data from Eq. (1) can then be compared with in situ TSS measurements for evaluation and validation. For the matchup comparison, MODIS-Aqua-derived TSS data were extracted from a 5 × 5 box centered at a location of the in situ measurements as the same procedure for Chl-a and nL w (λ) matchup comparisons (Wang et al., 2009b) . Fig. 4b provides these comparison results, showing that MODIS-Aqua-derived TSS data using the new regional algorithm are reasonably accurate. The mean ratio of the MODIS-Aqua-derived TSS to the in situ-measured TSS is 1.064 with the STD of 0.478. Furthermore, Fig. 4c compares histogram results of MODIS-Aqua-derived TSS data to in situ measurements. Distribution of the MODIS-derived TSS appears well matched with in situ TSS data, although less MODIS-measured TSS data are distributed in the low values (Fig. 4c) . Both MODIS and in situ TSS values range from~1.0 mg·l − 1 to~20 mg·l
, and both peaks are located at~5-6 mg·l − 1 as shown in Fig. 4c . Thus, MODIS-Aquaderived TSS data can be used to study and characterize water properties in the Chesapeake Bay.
Characterization of water properties for the Chesapeake Bay

Satellite nL w (λ) composite images
Seasonal climatology images (July 2002 to December 2010) of the MODIS-Aqua-derived nL w (λ) at 443, 555, 645, and 859 nm using the NIR-SWIR method are shown in Fig. 5 . Fig. 5a -d, e-h, i-l, and m-p are results for nL w (λ) at 443, 555, 645, and 859 nm (spring, summer, fall, and winter) in the Chesapeake Bay, respectively. General spatial distributions from MODIS-Aqua seasonal climatology nL w (λ) images are similar in most wavelengths, showing high values in Upper Bay, the eastern area of the Chesapeake Bay, and the northern area of the Chesapeake Bay's mouth (along the peninsula), while lower values are in the western area of Middle Bay. MODIS-Aqua-derived nL w (443) values are relatively high offshore from the Chesapeake Bay's mouth ( Fig. 5a-d 
Time series of the MODIS nL w (λ) measurements
Time series of monthly averages of MODIS-Aqua-derived nL w (443), nL w (555), nL w (645), and nL w (859) data in the Upper, Middle, and Lower Bays are obtained from July 2002 to December 2010 (Fig. 6) . It is noted that all valid pixels over waters in Boxes A, B, and C (Fig. 1) for the Upper, Middle, and Lower Bays are averaged (spatially and temporally) to produce the corresponding monthly mean value for the region. The temporal patterns are similar for nL w (λ) data at various spectral bands over all locations. However, the seasonal patterns of nL w (λ) are similar in Middle and Lower Bays and somewhat different in Upper Bay depending on years. In particular, nL w (555) method and the standard OC3 Chl-a algorithm (O'Reilly et al., 1998 (O'Reilly et al., , 2000 for the main stem of the Chesapeake Bay. Fig. 7a-d are climatology Chl-a images in the Chesapeake Bay for spring, summer, fall, and winter, respectively. In general, spatial distributions of the MODIS seasonal climatology Chl-a images are similar to those of the MODIS nL w (λ) images, showing high Chl-a concentrations located in Upper Bay, river branches, and along the coastal lines, while the lower concentrations are in the central part of Middle to Lower Bays and outside of the Chesapeake Bay. Overall, peak Chl-a values are shown in the spring and the lowest Chl-a concentrations are in the fall in regions of UpperMiddle Bays and winter in Middle-Lower Bays. As discussed previously, Chl-a values are usually overestimated in the Upper and Middle Bay regions, and here we focus on Ch-a variations in the region.
Time series of Chl-a measurements
Time series of monthly averages of the MODIS-Aqua-derived Chl-a data are constructed for the three regions (Upper, Middle, and Lower Bays) of the Chesapeake Bay (Fig. 8 ). There is a strong seasonal variability in the Chl-a over the entire bay region. In general, peaks of Chl-a appear in spring (April or May) and the lowest Chl-a concentrations are in winter. Spatially, the highest Chl-a concentrations are in Upper Bay and the lowest Chl-a values in Lower Bay. Although MODIS-Aquaderived Chl-a concentrations are overestimated in Upper and Middle Bays, the MODIS-derived Chl-a concentrations are relatively reliable for seasonal variations (Fig. 3 and Table 2 ). Furthermore, results also show a strong interannual variability in Chl-a for the Chesapeake Bay. Fig. 9 provides seasonal climatology images (July 2002 to December 2010) of MODIS-Aqua-derived TSS data using the NIR-SWIR method and a regional TSS algorithm (Eq. 1) for the Chesapeake Bay. In spatial distribution, the highest TSS values appear in Upper Bay, western branches, and along the coasts, while lower values are (Fig. 9a) . The lowest TSS values are in summer over all areas (Fig. 9b) . The lowest TSS is geographically located in the western part of Middle Bay and the southeastern part of Lower Bay. The TSS values are slightly increased in the fall season compared with those in summer (Fig. 9c) .
Satellite images and time series of MODIS TSS measurements
Time , respectively, while scales (in logarithm) for Chl-a and TSS are 0.5-25 mg·m − 3 and 3-20 mg l − 1 , respectively.
Satellite climatology images
Discussions and conclusion
Comparison results between MODIS-derived and the in situmeasured nL w (λ) showed that MODIS-Aqua nL w (λ) products using the NIR R2009 method are underestimated in most of the wavelengths. The NIR-SWIR nL w (λ) are improved, but data noise is large most likely due to the lower sensor signal-noise ratio values for the MODIS SWIR bands (Wang & Shi, 2012; Wang et al., 2009b) . Our results confirm that the SWIR-based approach provides quantitative improvements in satellite-derived nL w (λ) data in the Chesapeake Bay, where waters are often productive (i.e., there are significant NIR ocean radiance contributions). The nL w (λ) evaluation results in the Chesapeake Bay are consistent with the previous studies (Wang et al., 2009b; Werdell et al., 2009) .
For the Chesapeake Bay waters, we used in situ Chl-a measurements from the Water Quality Database to assess the performance of the MODIS-Aqua Chl-a data with the standard-NIR (Ver. 5.2 and R2009) and the combined NIR-SWIR atmospheric correction methods. Results showed that the uncertainty in the MODIS-derived Chl-a data using the NIR-SWIR combined method was reduced compared with that in the MODIS NIR-derived Chl-a data in overall Chesapeake Bay waters. Mean Chl-a values from the NIR Ver. 5.2, NIR R2009, and NIR-SWIR are 19.29, 14.86, and 11.14 mg·m
, respectively, compared with the mean in situ value of 10.28 mg·m . In Lower Bay, the MODIS NIR Chl-a is still overestimated although the MODIS-derived Chl-a data using the NIR R2009 are improved by about 16% compared with those from the previous NIR algorithm (Ver. 5.2). Meanwhile, the NIR-SWIR method provides a considerable improvement in the ocean color satellite-derived Chl-a data in the Chesapeake Bay, e.g., a mean Chl-a ratio of 0.97 (MODIS to in situ) in Lower Bay region. In addition, about 17% more valid pixels appeared in the MODIS ocean color products using the NIR-SWIR method compared with those using the standard-NIR model over the Chesapeake Bay waters. Results show that the existing bio-optical model works properly in the Lower Bay, while for productive and turbid waters in the Middle and Upper Chesapeake Bay regions an appropriate bio-optical model is still an outstanding issue.
A regional TSS algorithm for the ocean color satellite application has been developed using a relationship of the TSS with the diffuse attenuation coefficient at the wavelength of 490 nm K d (490) for the Chesapeake Bay waters. Since the water properties in the Chesapeake Bay are strongly influenced by suspended sediments mainly from the river discharges and shallow bathymetry, K d (490) can be a good indicator of the TSS amount in the water. Results show that MODIS-Aqua-derived TSS products using the new regional algorithm are reasonably accurate compared with the in situ TSS measurements in the Chesapeake Bay, with a mean ratio of the TSS (MODIS to in situ) about 1.06.
The MODIS-Aqua images provided the spatial distribution of nL w (λ) at wavelengths of 443, 555, 645, and 859 nm, Chl-a, and TSS in the Chesapeake Bay. The general patterns are similar in most nL w (λ), Chl-a, and TSS images, showing the highest values in Upper Bay, eastern Mid-South Bay, river branches, and along the coastal lines and the lowest values in Lower Bay. However, the MODIS nL w (λ) values are relatively lower in the western part of Middle Bay and higher offshore from the Chesapeake Bay's mouth. The highest values in Upper Bay seem to be influenced by large amounts of TSS concentrations from the river discharges in the Upper Bay region. As described, the MODIS-derived Chl-a products using the NIR-SWIR atmospheric correction method and a standard Chl-a algorithm are still overestimated in Upper Bay, although errors are significantly reduced compared with the results from the standard-NIR atmospheric correction method.
In seasonal patterns, higher values for the nL w (λ) images appear in winter and spring, and relatively lower values are present in summer to fall for most of the Chesapeake Bay regions. The seasonal high nL w (λ) values are due to a large amount of the river discharges and phytoplankton bloom in spring and strong vertical mixing in winter because of high winds. While the seasonal pattern of the MODIS-Aqua-derived TSS images is similar to that of the nL w (λ) images (highs in spring and winter, and lows in summer and fall), the pattern of the MODIS-Aqua-derived Chl-a (phytoplankton) image is different. High Chl-a values are in spring and summer, but relatively low values are in winter. These results are consistent with those from the previous studies (Harding et al., 2002; Malone et al., 1991) . In fact, it is characteristic of temperate regions and coastal waters, with the Chesapeake Bay as one of these regions (Longhurst, 2007; Mann & Lazier, 2006) .
Time series of monthly averages of the MODIS-Aqua-derived products are constructed for the three regions (Upper, Middle, and Lower Bays) of the Chesapeake Bay to investigate interannual variability. The temporal patterns of the MODIS-derived water property products are generally similar in all locations and years, showing high values in spring and winter and low values in summer and fall for nL w (λ) and TSS, and highs in spring and summer and the lows in fall and winter for Chl-a. However, strong interannual variability appears in all MODIS-derived products over all areas. In addition, nL w (λ) and Chl-a in Lower Bay are out of phase with those in Upper Bay during some years (e.g., winter in 2003-2004 and 2009-2010 for nL w (555) and Chl-a), while TSS in all Bays is in phase in most of the periods. It has been reported that the strong temporal and spatial variability in phytoplankton biomass and TSS are strongly influenced by seasonal changes in freshwater flows and physical conditions such as tidal currents in the Chesapeake Bay (Harding et al., 2005; Hood et al., 1999) . Interannual variations in freshwater flow (mainly from the Susquehanna River located in the northern head of the Chesapeake Bay) strongly influence on the interplay of light and nutrients regulating the phytoplankton growth rate, and are consequently related to interannual variations in phytoplankton abundance in the Chesapeake Bay (Harding, 1994; Harding et al., 2002) . However, the response to the freshwater flow would be different depending on the amount and the area. For example, high Chl-a and TSS values in Upper Bay are related to a rapid response to and a larger amount of the freshwater flow from the Susquehanna River (Harding, 1994) . The patterns are more or less similar in Middle and Lower Bays and somewhat different in Upper Bay depending on years. The interannual variability of Chl-a is different from that of the nL w (λ) data, while the variability of TSS is more or less similar to nL w (λ) at red band nL w (645) (as expected).
